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INTRODUCTION

The fluviatile origin of the Chadron formation in South Dakota has
been thoroughly established by Hatcher, Fraas, Sinclair, Wanless,
Darton, and others.

Osborn,! basing his conclusions primarily upon Hatcher’s field
work, has accepted Hatcher's division of the Chadron into three
faunal zones, designated as A, B, and C. These faunal zones are not
related to any lithologic division of the formation. Collectors have
found the local variations in lithology so extreme that no widespread
order of succession could be discovered, and have, therefore, relied
upon measurements upward from the base of the Chadron to determine
the relative ages of specimens.

It is the purpose of this study to determine the actual order of super-
position within the Chadron of the Big Badlands, and the relationship
of the fossils to the stratigraphic succession. From this information, a
coherent interpretation of local Chadron history may be drawn, and a
standard faunal section for comparison with lower Oligocene faunas
from other areas may be proposed.

Since the fluviatile origin of the Chadron sediments was first gener-
ally accepted, the deposits have been variously regarded as subzrial
deltas, confluent alluvial fans, and flood plain sediments. Fan de-
position implies extensive reworking, erosion of earlier deposits and
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Fi1G. 1. Base map of South Dakota.

redeposition downstream, and a general order of succession in which
the older sediments lie near their source and the younger ones farther

10sborn, H. F., Titanotheres of Ancient Wyoming, Dakota, and Nebraska.
U. S. Geol. Surv., Monograph 55, 1929.
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downstream. Flood plain deposits, on the other hand, might be ex-
pected to be more regular, with a normal, vertical order of superposition
of widespread members. !

It is essential, therefore, to learn the method of deposition of the
formation in order to discover the true order of superposition. The
evidence bearing upon this problem will be presented in the sections on
Stratigraphy and Lithology.

The area studied is shown in the maps, figures 2 and 3. It lies in
Pennington, Washington, Jackson, and Custer Counties, South
Dakota, and follows the outcrop of the Chadron from the town of
Interior on the east to Fairburn on the west.

STRATIGRAPHY

In 1893, Hatcher? divided the “Titanotherium beds” of South
Dakota into A, B, and C levels, on the basis of the evolution of
Titanotheres represented by the skulls which he found. His strati-
graphic table is reproduced here (table I) for reference. Osborn in
1929 expanded Hatcher’s brief faunal characterization of the three
levels into a highly detailed description of the evolution of five sepa-
rate phyla of Oligocene Titanotheres.?

Obviously this subdivision is stated so clearly, and the levels are so
adequately characterized faunally, that a student may expect to go
into the field and find a series of beds 180 feet thick (maximum, vide
Hatcher; Osborn allows a range of 150-200 feet, loc. cit., p. 443),
having small Titanotheres in the lower fifty feet, medium-sized ones
with medium-sized horns in the next hundred feet, and large, long-
horned forms in the uppermost thirty feet. The datum plane em-
ployed* is the Pierre-Chadron contact. Hatcher,” Darton,® and
Osborn,” have all stated that the subdivision is based solely on the
fauna, and that lithology (and by implication, paleogeography) is of
no assistance in determining the levels.

?Hatcher, J. B., The Titanotherium Beds; Amer. Nat., vol. XXVII, 1893,
DD. 204-221.

30sborn, H. F., loc. cit., pp. 114-115, 443-581.

4Osborn, H. F., loc. cit., p. 113, 117, et al.

SHatcher, J. B., loc. cit., p. 207.

%Osborn, H. F., loc. cit., p. 115. Darton, quoted by Osborn.

"Osborn, H. F., loc. cit., pp. 113, 116.
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As such a system of faunal horizons might be of great significance in
determining the time relationships of depositional phenomena, it seems
wise to re-examine the evidence for the subdivision, both in the litera-
ture and, directly, in the field. To this end I have prepared table 11,
giving a list of all the specimens whose measured position above the
Pierre shale is quoted by Osborn, together with the stratigraphic posi-
tions to which he assigns them. Table III lists the 11 skulls which I
have observed in the field, gives their actual positions above the Pierre
shale, and the theoretical positions assigned to those species.

Certain features of table II are worthy of note. Brontotherium
ramosum and Megacerops copet, both C forms, were collected respec-
tively twelve and fifteen feet higher than Allops marshi, an A form.
One might wonder if this indicates that the B zone is only fifteen feet
thick in places. Also, accepting Hatcher's figures of A =350 feet, B=
100 feet, C=30 feet, none of the specimens listed would occur higher
than the middle of the B zone. Yet it is apparent that C forms are
present, so we must ask, do all three members thin locally, or is one
or another absent, and further, what is the basis for assuming either
of these alternatives?

Among those specimens which I have observed, the discrepancies
from theoretical levels are even more striking. Allops serotinus, which
should occur in the Chadron from about 150 feet to 180 feet above the
Pierre (B3-C), is here found fifteen feet above the Pierre, fifty-four
feet below the Brulg, and therefore certainly within the A zone. If
Allops serotinus is characteristic of the upper fifth of a 180 foot section,
how can it occur in the lower fifth of a 70 foot section? Also, how does
Brontotherium platyceras, typically Cs, come to rest at exactly the same
level as Broutops brachycephalus, A? Most noticeable of all, how did
Brontotherium platyceras, “the climax of the evolution of the long-
horned titanotheres” ever come to be buried twenty-two feet above
the Pierre shale, overlain by fifty feet of clays and widespread lime-
stone bands?

From a study of these two tables, it appears that the only way to
recognize a stratigraphic horizon in the Chadron is to find a Titanothere
skull, identify it, and then say that the sediments in close proximity
to it are in the A, B, or C zone, regardless of the thickness of the sec-
tion and of how high in the section the skull occurred. This procedure
is unsatisfactory because the phylogenetic lines are based upon a
stratigraphic succession which, in turn, can be determined only by
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reference to the same phylogenetic lines. Use of an evolutionary se- |
quence as the basis for the stratigraphic subdivision upon which it de-
pends for the time sequence of forms is, in the absence of supporting
evidence, open to serious question.
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In view of the possibility of errors arising from application of the
foregoing method, it seems best to study the Chadron without reference
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to the subdivision into A, B, and C levels, leaving the relationship of
those levels to the depositional phenomena to be discovered in the
course of the study.

Stratigraphic setting of the Chadron: The general stratigraphy of the
Big Badlands, as described by Wanless,® is summarized in the fol-
lowing stratigraphic column:

Rosebud ;50’ - (top eroded)
o Leptauchenia beds 162’
Brulé | Oreodon beds 215’
Chadron 12’-165’
: “Interior” phase 0-70
Pierre {Unweathered Pierre, base not exposed

The Tertiary group has a regional dip of 1°-2° SE, and the edges of
the tilted strata are bevelled by the Missouri Plateau? erosion surface.
Outliers forming hills on the plateau surface, deep incision of the pre-
sent rivers and their tributaries, and occasional local structures cause
the formations to outcrop in highly irregular patches.

The Chadron is easily distinguishable from the Brulé by its weather-
ing, as Wanless has mentioned—the Chadron weathering to hills
convex outward, and the more firmly cemented Brulé clays weathering
to serrate spurs and ridges concave outward. Occasionally in the ex-
posures west of Quinn Draw, there is a gradational zone five or ten
feet thick rather than a sharp contact between the Chadron and the
Brulé; and in the scattered, unfossiliferous outcrops near the Black
Hills it is frequently impossible to distinguish between the two, but
these cases are exceptions to a widely applicable rule.

Detailed description of the Chadron: The Chadron of the Big Bad-
lands is divisible into an eastern facies, which extends from Bear
Creek drainage basin (=“Scenic Basin”) to the town of Interior, and
a western facies, which reaches from Scenic Basin southwestward to
Fairburn. (See map, figure 2. Using the Chadron-Brulé contact as
datum plane, negative contours were drawn on the Pierre-Chadron
contact on ten foot intervals, and hence show the thickness of the
Chadron throughout the area. Thus the thirty foot contour line
connects those places where the Chadron is thirty feet thick, etc.)

8Wanless, H. R., Stratigraphy of the White River Beds of South Dakota;
Proc. Am. Phil. Soc., vol. LXII, no. 4, 1923.

‘Fenneman, N., The Physiography of Western United States; McGraw-Hill
Book Co., 1931, p. 61.
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The eastern facies is made up of three sharply defined members:
(1) restricted basal channel fills (see map, also fig. 3); (2) a widespread
series of massive clays with intermittent limestone bands; (3) lenses of
evenly bedded fine sand, silt, and limestone.

The basal channel fills are chalky white, sandy, and cross-bedded. A
basal gravel, composed almost entirely of quartz, quartzite, and pati-
nated chert pebbles, rests in irregular, dark festoons across the faces
of the outcrops. No fossils have been found in these channel fills.

Over most of the eastern area, the formation consists of a series of
massive, silty clays, 12’70’ thick, colored various pastel shades of
green, lavender, pink, and blue-gray. Freshwater limestones, ranging
from concretionary bands to massive limestones 2’ thick and 400 yards
in diameter, occur so frequently that any vertical section will include
two or three of them. Fossils are extremely rare and fragmentary; a
few scraps of Titanothere, Oreodon, Mesohippus, and Hyenodon have
been found at various places.

Laminated lenses showing a notable absence of cross-bedding con-
stitute the third lithologic member of the eastern facies. (See map,
figure 4, for distribution.) Individual lamine are one inch to two feet
thick, composed of fine green sand, greenish to gray-white silt, and
Iimestone. The bases of the lenses are always well above the base of
the Chadron, and wherever they occur, the tops of the lenses form the
top of the Chadron; individual beds of the lenses interleave with the
surrounding ‘massive clays, indicating that deposition of the lenses and
of the upper part of the clay series proceeded contemporaneously.

Omitting, for the present, discussion of the somewhat anomalous
section in Spring Draw between Hart and Kube Tables, the next area
to be described is the great Badlands region of Indian Creek-Corral
Draw and westward, Hatcher’s favorite collecting ground and his
standard section for the subdivision into A, B, and C levels.

In contrast with the definite lithologic division of the east, the
western facies is characterized, at first sight, by extreme heterogeneity.
Gravels, sands, clays, and limestones anastomose, intersect, grade into
one another, wedge in and pinch out, and contain local belts of con-
cretions. It seems hopeless to seek any recognizable order on which
to base stratigraphic conclusions, but study of a large number of ex-
posures reveals a stratigraphic succession which, once it is recognized,
is general and easily applied.

The lower member is the great lens of red and green sands and clays
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described by Wanless.!0 It is characterized by its color, its position
in a hollow cut into the “Interior,” by conglomerates in which the
ratio of feldspar pebbles to silica pebbles is generally not more than
20% and usually much less, and by an extreme scarcity of fossils.
Fragments of Titanothere bone, a few Mesohippus, Trigonias, and
Oreodon teeth, and occasional scraps of turtle shell are the only fossils
that have been observed. A coarse gravel, with almost all the boulders
composed of quartz, quartzite, or chert (see figure 5), forms the base
of the member. Near the top, the sediments are in general finer and
not so heavily streaked with red as are those near the bottom; in many
places a layer, ten feet thick, of buff clay with occasional thin lime-
stone bands, forms the top of the member. The areal distribution of
the lower member, and its confinement within a great depression in
the Pierre surface, is indicated on the map, figs. 2, 3.

The middle member rests upon the lower and, where the latter is
absent, upon the “Interior” phase of the Pierre. Its basal ten feet form
the most striking faunal horizon in the Chadron, and this layer ranks,
with the Lower Nodular of the Brulé, as one of the important faunal
horizons of the White River series. The entire middle member, 40’-
50’ thick, contains Titanothere bones in some quantity, but its lower
portion is marked by great “graveyards” in which bones are exceed-
ingly abundant. More will be said concerning this faunal level later;
plate XXII shows one of the “graveyards.” Briefly, the middle mem-
ber may be described as a 40’-50 series of clays and sands, predomin-
antly greenish, bearing Titanotheres, rhinoceroses, Mesohippus, and
Archeotherium as characteristic fossils. Conglomerates are highly
arkosic; feldspar ratios of 309%,-50% are common. Red sediments
are absent.

Overlying the middle member, a massive clay series 20’-30’ thick,
bearing many discontinuous limestone lenses and occasional sharply
restricted greenish sandstone lenses, forms the upper member. The

silty clays are generally buff-colored, resembling the overlying Oreodon’

beds. However, in an extensive area between Big Corral and Battle
Creek draws they are red; there is some evidence (see section on
lithology) that the red color is diagenetic rather than inherited or
syngenetic. Faunally, the upper member is marked by the almost
complete absence of Titanotheres, and the presence of Oreodon and
Hyracodon. Sandstone lenses are very much smaller and less numer-

L0Wanless, H. R., loc. cit., p. 200.
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ous than in the middle member. The Chadron-Brulé contact is al-
most everywhere marked by limestone bands.!!

It must not be supposed from this brief description that the con-
tact between two members is always well defined. The contact be-
tween the lower and middle members is usually easy to detect by the
cessation of red sediments and by the ‘‘graveyard” immediately above
it. In some places, however, where “graveyards” are not present and
where the upper part of the lower member is a massive clay, the con-
tact may be a limestone between two clays, and can be found only by
tracing carefully from the nearest place where a “graveyard” occurs.
The middle-upper contact is usually recognizable at once by a great
diminution of sandstone in the series (see figure 8) and by the dis-
appearance of Titanothere bones. Here again, a local clay facies in
both members, or a local sandstone facies of both, may cause trouble
and require careful tracing of individual stratigraphic horizons for
positive determination of the contact, Also, in places, the Chadron-
Brulé contact is a gradational zone of intercalated clays and limestones
up to ten feet thick, which- makes the establishment of one particular
plane as a “contact” impossible. All of these difficulties are very local,
and can be solved by a brief period of detailed work. None of them
essentially affect the fundamental features of the stratigraphy.

Fortunately, the eastern and western facies interfinger in Scenic
Basin, insuch a way that correlations between them are possible. The
north border of the depression which holds the lower member (western)
is exposed a mile and a half east and northeast of Scenic. Here a
limestone, which locally forms the contact between typical western
lower and middle members, can be traced northeastward to where it
comes to lie on the “Interior,” while the overlying fossiliferous middle
member grades into the massive, barren clay series of the eastern
facies (see Bear Creek cross sections, plate XX V). Two white basal chan-
nel fills, typically eastern, underly the limestone a half-mile north of
where the western lower member “pinches out,” and hence are to be
correlated with it rather than with the middle or upper western mem-
bers. Widespread erosion in Scenic Basin precludes determination of
the upper member’s relationships. However, in the head of Cain
Creek drainage, one and a half miles to the southeast, an eastern
laminated lens directly overlies the most easterly expression of the
western fossiliferous, cross-bedded middle member. Also, bones of

Wanless, H. R., loc. cit., p. 209.
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Oreodon, Mesohippus, and Ilyracodon have been collected from the
laminated lenses and Titanothere remains have not, and as has been
mentioned before, the laminated lenses form the top of the Chadron
wherever they occur.

Therefore, on the basis of lithology and superposition, the following
correlation is proposed:

WESTERN EASTERN
Upper Member Laminated lenses Massive
Middle Member Clays .
Lower Member White Channel Fills

LITHOLOGY

Pierre Shale: The Pierre shale is a massive, dark gray marine shale,
very soft, and high in soluble salts, organic matter, and iron.

“Interior Formation”: To Wanless'? excellent summary of opinions
and evidence regarding Ward’s “Interior Formation,” 1 wish to add
certain details bearing upon Chadron paleogeography.

Any theories regarding the “Interior” must take into account the
great hollow, seventy to eighty feet deep and eight miles wide from
north to south (see figure 2), in which the lower member of the Chad-
ron rests. Wanless assumed that this hollow was a valley, cut by a
stream which had previously wandered on a peneplained surface (the
“Interior peneplain”), and which later filled its valley. Discovery of
the south rim of the hollow, of its east-west elongation, and of the
tributary exposed in Cedar Creek, establishes his assumption beyond
reasonable doubt. East of the area where the hollow is mapped, it is
carried beneath the surface by the regional dip, and to the west the
outcrops become scattered and inadequate, or it could undoubtedly be
traced farther in both directions.

The present study has added but one significant feature to the evi-
dence given by Wanless in his demonstration that the “Interior” is a
weathered zone of the Pierre, and not a separate formation correlative
with the Fox Hills as Ward!? believed. In the region around the town
of Interior and the Sage anticline, where the “Interior” zone is 50-70
feet thick, the section is as follows:

2Wanless, H. R., loc. cit., p. 194.
3Ward, F., (1) Geology of a Portion of the Badlands; S. Dak. Geol. and Nat.
Hist. Surv., Bull. 11, 1921.

(2) Position of the Interior Formation; Amer. Jour. Sci., sth ser.,
vol. 11, 1926,
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Chadron
Red o-3’
“Interior” | Yellow-brown)| Sometimes one absent and
50-70’ Purple [ the other very thick.
Gray
Pierre
(unweathered)

At many places underlying the L.ower Member of the Chadron,
there are sections of “Interior” a few inches to several feet thick.
These abbreviated sections show the following color series:

Chadron
(Green—a few inches
“Interior” |Brown
15 | Purple
|Gray
Pierre
(unweathered)

Except for the uppermost zones, the two sections are similar. Such
a condition would be almost impossible under the assumption that the
color is primary in a formation deposited upon the Pierre, but accords
very nicely with the theory that the color is due to weathering of the
Pierre, with a deep weathering profile developed on the old upland and
a shallow profile, checked by deposition, in the old valley.

The chemical analyses which Wanless gives, in addition to two pre-
sented here, show clearly the weathering features which Wanless
pointed out, 7. e., increase in proportion of alumina, iron, and potassium,
and decrease in lime and magnesia. It is obvious that a fairly selected,

" including some of the numerous limonitic

large sample of “Interior,’
veins, would show a much higher iron content than do these hand-

picked clay samples.

Sample 1. Sample 2.
SiOg. .o 60.72 62.99
ALOs3. ... .. ... 18.04 17.51I
FexO3....... .. 3.97 4.55
FeO.......... 0.26 0.29
CaO.. ... ... 0.75 0.77
MgO.......... 1.25 1.19
HsO-110°. .. .. 3.66 5.34
H.O+4110°. . .. 6.78 5.53
Total......... 06.33 08.17

A. H. Phillips, analyst.
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A cursory examination of the voluminous literature upon laterites
and the growing literature on soils shows that the changes mentioned
above are characteristic of weathering which produces laterites. In
the typical laterites of India and Cuba, however, those changes are
so much more extensive that it seems best to call the “Interior” a
weathered zone rather than a laterite, recognizing at the same time
that processes similar to lateritization have formed the “Interior.”

The general climatic factors favorable for lateritization and forma-
tion of red earths are semitropical to tropical temperatures and sub-
humid to humid climates.” Recognizing this, Wanless’® suggested
that the deep weathering took place during and after peneplanation of
the area, and that cutting of the great valley (which will be referred to
hereafter as Red River Valley, in reference to the color of the Chadron
Lower Member sediments which fill it} occurred later. Davis!® speaks
definitely in favor of the theory of peneplains being sites of origin of
laterite. Other authors,)” however, either state that lateritization
occurs in the zone of intermittent saturation or describe processes
which take place only in that zone.

Therefore, it seems justifiable to advance an hypothesis alternative
to that of Dr. Wanless. It is not improbable that development of the
large, mature Red River Valley proceeded contemporaneously with
deep chemical weathering of the neighboring uplands. Under these
conditions, the uplands would be in the zone of intermittent satura-
tion, rather than below the water-table, where they would probably
lie if they represent a peneplain formed by Red River and intrenched
by it after weathering. The white basal Chadron lenses would repre-

14(1) Robinson, G. W., Soils, Their Origin and Classification; Thomas Murby
& Co., London, 1932, pp. 270-283, 300, 305.

(2) Leith and Mead, Metamorphic Geology; Henry Holt & Co., New York.
1915, PP. 25-44.

(3) Ramann, E., The Evolution and Classification of Soils (Translated by
Whittles, C. L.); W. Heffer & Sons, Ltd., Cambridge, 1928, p. 1009,
table opposite p. 118.

“Wanless, H. R., loc. cit., p. 202.

iDavis, W. M., Geol. Mag., vol. LVII, p. 429, 1920.

17(1) Campbell, J. M., Laterite, Its Origin, Structure, and Minerals; Mining
Magazine, vol. XVII, no. 3, p. 121, Sept., 1917.

(2) Twenhofel, W, H., Treatise on Sedimentation, 2nd edition, 1932, pp.
440-442.

(3) Leith and Mead, loc. cit.; (4) Ramann, loc. cit.; (5) Robinson, loc. cit.
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sent former tributary or meander channels left hanging as Red River
lowered its valley. The age of these white lenses will be more fully
discussed later.

The thin, bright red zone at the top of the thicker sections of
“Interior” may very well represent an upland surface soil, more highly
oxidized and leached than the underlying brown, purple, and gray
clays. Certainly there is no evidence against this idea, although it is
equally true that I have no conclusive evidence in its favor.

The greenish zone at the Pierre-Chadron contact bears important
paleoclimatological implications. Disseminated through the greenish
clay are numerous tiny cubes of pyrite; in places the basal Chadron
gravel is firmly cemented into a conglomerate band a few inches thick,
with a pyrite matrix. This pyrite could, of course, have been formed
either by the action of Red River waters upon the ferruginous Pierre
or by later ground waters following the gravel as an aquafer.

On the southwest slope of Hart Table, and again in upper Battle
Creek Draw, beneath pond limestones of late lower and early middle
Chadron age, which locally form the basal Chadron, the greenish re-
duced zone of “Interior” is from eight to twelve feet thick. As these
impure, massive, unjointed limestones and clays are almost impervi-
ous, this seems satisfactory evidence that the greenish pyritiferous
zones were formed by Chadron waters, and not by later ground water.
Red River had cut to the granite core of the Black Hills by the be-
ginning of Chadron time, and hence was flowing over all the Black
Hills from the Pre-Cambrian to the Pierre. [t is probable, therefore,
that its waters bore a strong chemical resemblance to the present
Belle Fourche river, an analysis of which, on a sample taken at Nis-
land, has been made by Clarke.!® As might be expected in river
waters which have crossed Cretaceous shales, the amount of dissolved
sulphates is very large. A river high in sulphates would, especially if
it were slightly acid, dissolve considerable iron from a ferruginous
shale. As Thiel'®* has shown, presence of natural organic matter is
effective in reducing ferrous sulphate to sulphides. Hence abundant
organic matter in the early Chadron waters would combine with
organic matter in the Pierre shale to precipitate pyrite or marcasite.

18Clarke, F. W., The Composition of the River and Lake Waters of the United
States; U. S. Geol. Surv., Prof. Paper 135, 1924, pp. 95, 96.

19Thiel, G. A., Experiments Bearing on the Biochemical Reduction of Sulphate
Waters; Econ. Geol., vol. XXV, no. 3, 1930, D. 242.
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It would also acidify the waters, aiding in the original solution of the
iron. The pyrite, forming within the clay and sands at the bottom,
would be protected from solution in the acid waters above it. Why
pyrite formed rather than marcasite is at present unknown. Also, it is
unknown why there is no greenish zone beneath the white lenses.
This interpretation of the “Interior” as indicative of warm, sub-
humid to humid climate with abundant vegetation differs sharply from
Russell's?? interpretation of the pre-Chadron surface to the north and

east as a “fossil desert.” It is almost impossible that there could be a~

desert within thirty or forty miles of a warm, humid area having
abundant vegetation, in the absence of a mountain barrier between.
Russell’s evidence consists of a red, deeply weathered zone in the “pre-
White River” rocks, and of wind-facetted pebbles. Deep chemical
weathering is not characteristic of deserts, and red color occurs in
deserts chiefly where it is transmitted from red bedrock (e.g., desert
areas on the Chugwater in various parts of the western United States).
In his discussion of the pre-Chadron water table of the Big Badlands,
Russell has apparently been unaware of the very important paleogeo-
graphic conditions indicated above. Russell’s first point seems to
favor Wanless’ interpretation of humidity, leaving only the presence
of wind-facetted pebbles in favor of the desert hypothesis. Therefore,
the theory of a humid pre-Chadron climate appears more satisfactory
than the desert hypothesis. Wind-facetted pebbles have not been
observed in the Chadron of the Big Badlands.
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F1G. 5. Generalized cross-section, showing relative abundance of Titanothere
remains in the different members of the Chadron.

20Russell, W. L., A Fossil Desert in South Dakota; Amer. Jour. Sci., 5th series,
vol. 15, no. 86, 1928.
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Lower Chadron: The outstanding lithologic features of the Lower
Chadron have already been mentioned, z.e., (1) presence of red sedi-
ments; (2) basal conglomerates and other conglomerates low in feld-
spars; (3) general gradation from coarse sediment at the base to fine
at the top; and (4) restricted white channel fills with basal conglome-
rates but lacking red sediment. ,‘

Apparently the red silts and clays were red when they were de-
posited. Fragments of red clay are enclosed in greenish clays, little
bands of red clay are interbedded with green sands and silts, and many
other lithologic details point to the deposition of the beds with their
present colors rather than to diagenetic color changes. There are two
possible sources of red sediment; the Spearfish and Opeche forma-
tions, whose outcrop encircles the Black Hills, and the highly fer-
ruginous “Interior” zone. Wanless believed that the “Interior” was
the probable source of red sediment, pointing out that red sedimenta-
tion had ceased by the end of lower Chadron time, when the Red
River Valley was completely filled. There are two phenomena some-
what opposed to this view; (1) absence of red in the white channel
fills, which should have been abundantly supplied if the red were
washed from local “Interior” top-soil; and (2) greater concentration
of red sediment in the western part of the Red River Valley fill than
in the east, possibly indicating an approach to the source of supply.
This last is a notable feature; from Big Corral Draw westward, the
red clay becomes more-and more concentrated in the lower part of the
Lower Member, until in Shoemaker Draw, it is limited to a single
massive bed overlying the basal conglomerate. However, it seems
that there is no conclusive evidence in either direction, and the matter
must remain unsettled. Lithologic study of the sediment itself might
be of assistance, but the technique of studying clay minerals is so
specialized that it lies beyond the scope of the present research problem.

Age relationships of the white channel fills to the Red River Valley
fill are not entirely clear. As stated above, both are older than the
Middle Member of the Chadron. Both have basal conglomerates
composed of pebbles up to five inches in diameter, 90-1009, quartz,
quartzite, and chert, the latter coated with a brown patina. Char-
acteristically, the white channel fills have pure, noncalcareous white
clay, both in pellets and mixed with the sand and gravel. Only very
rarely can a faint pinkish or greenish streak a few inches long be found
in them. The Red River fill, on the other hand, is dominantly red and
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green, and I have observed white sediment at but one place, a re-
stricted basal lens in Little Corral Draw drainage basin.

To state that a main stream with its headwaters in the central
Black Hills would carry red sediment and no white, while its tribu-
taries, also with their headwaters in the central Black Hills, carried
white and no red, would require unwarranted physiographic assump-
tions. Therefore, the white lenses are probably either older or younger
than the red. If they are younger, then one must assume that after
the filling of most of Red River Valley with red sediments, the source
of red was cut off and white was transported. In that event, the re-
juvenation necessary to make the tributaries carry coarse gravel and
white sediment should be represented by high, coarse gravels and
white sediments in the Red River fill. Instead, there is in the Red
River fill a notable gradation toward fine sediments at the top,
while the upper ten feet are usually composed of buff silty clay and
thin limestone. If, on the other hand, the white channel fills are
tributary or old meander channels cut and filled before Red River
cut its valley to its final depth, and before a source of red sediment was
available, most of the theoretical difficulties are obviated. The Spring
Draw section, which is the only one in which red sediments are asso-
ciated with a white channel, has the red overlying the white. This
may be a meander abandoned later than the others, and hence cut
so low that some of the red fill washed over the older white.

Most of the coarser sediments in the lower Chadron are very poorly
sorted, and are green in color due to a matrix of greenish-gray clay.
The heavy minerals of White River sands have been discussed by
Wanless.?® The lower Chadron sands are characterized by low per-
centages of garnets, black tourmalines, staurolite, and chlorite, with
subordinate quantities of biotite and very rarely with zircon.

There are two sharply defined groups of quartz grains in the coarser
grades; (1) angular fragments with fresh, hackly fractures, and (2)
highly rounded, somewhat frosted spherules. In the finer grades the
two groups intergrade by a series of less and less rounded, but usually
frosted, grains.

As Hatcher indicated,?? the sandstones are cemented by calcium

2'Wanless, H. R., Lithology of the White River Sediments; Proc. Am. Phil.
Soc., vol. LXI, no. 3, 1922, p. 192.

22Hatcher, J. B., The Titanotherium Beds; Amer. Nat., vol. XXVII, 1893, p.

207.
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carbonate, by clay, or are loosely held together by compaction alone.
Near the base of the Red River fill, there is a horizon a few inches
thick and several miles in diameter, in which the cementing calcite
is well crystallized. The crystals weather into spherules (see plate XXI)
usually a millimeter or two but up to a centimeter in diameter.
Crystals six to eight centimeters long and three centimeters in diameter
occur at this level in Shoemaker Draw. This detail is of no known
stratigraphic significance; I mention it simply to place on record
another horizon and locality for sand calcite crystals, in this case
very imperfect ones.

" SAGE  RIDGE

SAGE  FAULT —

“INTERIOR® 40" 60"

F1G. 6. Sage Creek: Cross-section about four miles long, extending NE-SW in
Sage Creek drainage basin. Shows basal white channel fill, Sage Anticline, Sage
Fault, and thinning of the Chadron over Sage Ridge.

The Red River Valley fill exhibits marked changes as one proceeds
westward from Corral Draw toward the Black Hills.

Concomitantly with the concentration of red clay and silt near the
bottom of the Member, the percentage of feldspar in the coarse green-
ish sands increases. In figure 8, it is plain that the Lower Member
samples taken in Big Corral Draw and Indian Creek have less than
109, feldspar grains in any one grade size. Number 4, from Quinn
Draw, has a percentage up to 289, in the coarser grades. Those
samples taken farther west have much higher feldspar percentages,
in fact as high as the samples from the Middle Member.

Samples 5 and 9 were taken in Dry Creek, at the westernmost
outcrop where the Lower-Middle contact can be recognized, about
fourteen miles from the flanks of the Black Hills. Their very similar
constitution would indicate a similarity in quantities of quartz and
feldspar supplied during Lower and Middle Chadron times. It also
suggests that the climate during Lower Chadron time favored rapid
weathering, causing marked diminution in amount of feldspar in
thirty miles of transportation (to the present Corral Draw-Indian
Creek area), while during Middle Chadron time there was little
weathering of feldspars in the same distance.



280 ANNALS OF THE CARNEGIE MUSEUM VOL. XXV

The quantity of fossil “bone” within the Lower Member is roughly
proportional to the amount of feldspar in the sands, grading from al-
most a total absence of fossils in Indian Creek to a fair amount of
scrap in upper Shoemaker Draw. This would seem to indicate that
the fluvial and ground waters became increasingly powerful weathering
agents as they advanced; there is strong evidence that the “bone”
has not, in most cases, been transported very far, and hence the ex-
planation given for the decrease in feldspars cannot be applied
here.

The coarse basal conglomerate shows no increase in feldspars or in
quantity of “bone” in the western part of its area of outcrop. It is
uniformly unfossiliferous and is composed almost exclusively of quartz,
quartzite, and chert pebbles.

The white channel fills are uniformly nonfeldspathic, unfossilifer-
ous, and low in heavy minerals. Their lithology does not change
noticeably near the Black Hills; a sample taken on French Creek,
fifteen miles from the Hills (see figure 8, no. 8), is actually slightly
lower in feldspar than one from near Interior, forty-five miles farther
east.

Middle Chadron: Absence of red sediment and a high percentage
of feldspar pebbles in the conglomerates form distinctive lithologic
characteristics of the Middle Member of the Chadron.

The reason for the cessation of deposition of red sediment cannot
be known until the source of the red is known. Wanless suggested that
the cessation of red at the top of the Red River Valley fill indicates a
local source cut off by burial of the valley walls. However, there was
above the valley wall an upland topography (see discussion below,
and map, figure 2) of sixty feet, which could have given rise to appreci-
able amounts of red if the red were locally derived. Therefore, al-
though the stronger evidence is certainly in favor of Wanless’ sug-
gested interpretation, it seems best to retain an alternative hypothesis
of a source of red near the Hills, cut off just previous to deposition of
the Middle Chadron. ‘

The graph (figure 8) shows the contrasting feldspar ratios in the
Middle and the Lower Members. Possible reasons for these differ-
ences have already been discussed. It should be added that most of
the Middle Member sands have a composition more nearly like that of
sample no. 9 than that of sample no. 10.

The quartz grains show the same division into two types in the
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coarser sands and gradation in the finer grades, as do the quartz
grains in the Lower Member.

Black tourmalines, pink garnets, staurolite, and chlorite make up
the bulk of the heavy minerals in the Middle Member, as they do in
the Lower Member. Subordinate quantities of blue and brown tour-
malines, biotite, muscovite, and (rarely) zircon occur. Heavy minerals
form a larger proportion of the whole than they do in the Lower
Member; they reach 89 to 109, of the total sample in some grain
counts from the upper part of the Middle Member.

In the field, the Middle Member is characterized by extreme
heterogeneity. Pond limestones, bands of algal balls, massive clays,
micaceous sandstones, calcareous sandstones, green, clayey sand-
stones, and conglomerates pink with feldspars, mingle with each other
in great complexity. The numerous channel fills and the prevailing
green color of the sediments, together with the fauna, indicate a moist
climate with decaying vegetation sufficiently abundant to keep the
iron in the sediments reduced. Although hackberry seeds are the
only identifiable plant fossils which I have found, a humus zone one
to two feet thick and several hundred yards in areal extent near the
head of Battle Creek Draw indicates that there was abundant vegeta-
tion and locally very slow sedimentation at the beginning of Middle
Chadron time.

All observed details of lithology and stratigraphy indicate that the
Middle Member was deposited by the same stream which cut and later
filled Red River Valley, deprived of its red sediment and flowing under
different climatic conditions, but otherwise essentially unchanged.

Upper Chadron: Extensive reduction in the number and size of
channel sandstones is everywhere apparent in passing from Middle to
Upper Chadron (see figure 7). This may be interpreted as showing a
reduced volume of water traversing the area, and hence an increased
aridity in the Black Hills. Wanless** has demonstrated that the local
climate underwent increased aridity at the end of Chadron time,
using as his evidence the increase in percentage of calcite cement in
the basal Brulé clays. The decrease in amount of water present in
the area during Upper Chadron time is also suggested by the faunal
change toward a plains facies (see below), culminating with the typical
plains fauna of the Lower Nodular horizon of the Brulé.

24Wanless, H. R., Stratigraphy of the White River Beds of South Dakota,
loc. cit., p. 205.
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Over the large area shaded in the map, figure 4, the Upper Chadron
clays are orange-red instead of their usual buff or green. This red
color transcends local lithologic boundaries, extends in places up into
the lower Brulé and down into the Middle Chadron, and is com-
pletely surrounded by sediments of different color, with no apparent
avenue of entry. Therefore, the red color is in this case possibly
diagenetic.

The greenish-gray, cross-bedded Upper Chadron channel sands
mapped in figure 4 were evidently deposited by Red River. Feldspars
make up 30% to 509 of the grains; the familiar Red River assemblage
of heavy minerals is present, in quantities up to 15% of the total in
some samples; in a few places, Middle Member sands can be traced
directly upward into Upper Member sands.

The banded Upper Chadron lenses, extending the length of Spring
Draw and thence eastward, are strikingly different from the Red
River Upper Chadron. Their horizontal lamination and generally
fine grade suggest deposition in sluggish waters. Two samples, one
from a quarter mile south of Scenic and one from near Interior, are

FIGURE 7.

I. Upper Battle Creek Draw. Shows a basal white channel fill incised in the
“Interior” upland south of Red River Valley.

II. West branch of Big Corral Draw. Shows the Red River Valley fill, with
basal conglomerate and gradation to finer sediments at the top of the fill.
Local clay facies of Middle Member.

.II1I. West side of Quinn Draw. Local sandstone facies of Middle Member.

IV. East scarp of Finney Flats. The main section shows the Red River Valley
fill near the north wall of the valley; the inset, taken 200 yards north of
the main section, shows the north valley wall of “Interior,” and the Red
River fill pinching out against it.

V. North flank of “Cedar Butte,” in Indian Creek drainage basin.

VI. One mile south of Hart Table, east branch of Indian Creek.

VII. Southwest slope of Hart Table. Shows the wall of Red River Valley, with
the Lower Member absent, and a series of clays making up the Middle and
Upper Members, indistinguishable here.

VIII. Southwest slope of 71 Table. Typical eastern facies of Middle and Upper
Member clays.

IX. Spring Draw, between Hart and Kube Tables. Shows the anomalous
thickness of the Chadron, the white basal channel fill overlain by a red clay,
and the 45 foot series of laminated Upper Chadron sediments of the eastern
facies.

X. Dillon Pass, { mile south of the Sage Anticline.

XI. Dillon Pass, 400 yards north of the crest of the Sage Anticline.
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very similar lithologically (see figure 8, nos. 12 and 13), helping to
confirm the correlation made on stratigraphic and faunal grounds.
Both are much higher in a peculiar, greenish-white microcline than are
any of the Red River sands in their flesh-colored and yellowish-green
microcline. Both are relatively high in staurolite, biotite, and zircon,
with subordinate tourmaline (mostly brown) and garnet. Both in-
clude tiny, white, noncalcareous pellets, which contain slender, al-
most acicular zircons, fresh sanidine, angular flakes of biotite, and
sharply euhedral cleavage flakes of biotite. This assemblage suggests
that the pellets are water-transported grains of a pre-existing volcanic
ash. Certainly they are entirely different from anything which has
been observed in the Red River sediments.

On the basis of these lithologic data, and also of the geographic
distribution of the horizontally laminated lenses, it seems justifiable
to postulate that they are deposits brought in from the northwest,
from a different part of the Black Hills than that area which supplied
Red River.

The Chadron-Brulé contact has been so thoroughly discussed by
Sinclair® and by Wanless® that little need be added here. I have no-
where seen satisfactory evidence of the “moderate erosion between the
close of Titanotherium deposition and the algal limestone and Oreodon
beds” which Wanless mentions. The changes in level which he cites,
fifteen to twenty feet in a quarter of a mile, seem to me rather the
normal irregularity of deposition to be expected on a flood plain.
Plate XXIII shows the present alluvial “plain” at the mouth of Quinn
Draw, with a slope of five feet in one hundred, developed -on fine silt
and clay.

The Chadron-Brulé¢ contact is not recognizable along the valley
walls of Spring Draw. Between definite Titanothere beds and equally
definite Oreodon beds (but with the Lower Nodular zone either ab-
sent or not developed) is a zone of forty-five feet of horizontally banded
sediments. The lower part of this zone is certainly within the Chadron.
However, the great thickness of the lens and the absence of the Lower
Nodular make it seem probable that at this place sedimentation was
almost continuous from Upper Chadron into Lower Brulé time. In

2Sinclair, W. J., The Turtle-Oreodon Red Layer; Proc. Am. Phil. Soc., vol.
LX, 1921.
2%Wanless, H. R., loc. cit., p. 208.
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drawing the map, figure 2, the top of the lens was used as the top of
the Chadron; this is the most plausible explanation of the anomalous
thickness of Chadron recorded at that place. It must, of course, be
admitted that everywhere else the lenses of banded sediments stop at
the top of the Chadron; this, however, does not absolutely eliminate
the possibility of continous deposition at one place.

With the exception of Spring Draw between Hart and Kube Tables,
the Chadron-Brulé contact is a depositional plain of such almost per-
fect flatness that the contours of figure 2, if read as negative contours,
show the topography of the surface on which the Chadron was de-
posited. The significant features of topography will be discussed in
the interpretative summary which follows.

General: In concluding the section on lithology, certain general
statements may be useful. The source of the fine silts and clays is
not surely known. Certainly the Upper Chadron clays could not be
locally derived, because they cover the Sage Ridge (see figure 2, and
text below), which is the highest local pre-Chadron elevation known.
Abundant iron and clay could have been derived either from weather-
ing of the Black Hills igneous rocks, or erosion of the encircling
Paleozoic-Mesozoics, or erosion of local hills of Pierre shale. The
chemical condition of the iron would be controlled by depositional
factors, irrespective of source. Therefore, Hatcher’s original statement,?”
“The clays of the Titanotherium beds were probably derived from two
sources, viz., from the Cretaceous clays and shales, and from the
kaolinization of granitic feldspars,” covers the situation adequately.

Lack of sorting or lamination is a striking feature, both of the
finer massive clays and of the sands. If a sample, either clay or sand,
is thoroughly dissociated in water and allowed to settle, the sediment
shows an excellent gradation of coarse to fine, a series of which would
produce laminations. The best explanation at present for the absence
of lamination in the silty clays is that they were deposited by highly
overloaded sheet-floods under atmospheric conditions favoring evapo-
ration. The resulting rapid deposition of the entire load would mask
any incipient lamination. Poor sorting in the channel fills is, of course,
very common in fluviatile deposits.

The reasons for the varying degrees of cementation in adjacent
sandstone lenses are not known. It is obvious that those sands and
gravels with a large admixture of clay would not favor the circulation

2"Hatcher, J. B., The Titanotherium Beds; Amer. Nat., vol. 27, 1893, p. 207.
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Basal white lens, 4 miles southwest of Interior.
Basal white lens, southeast Sage Creek.
Basal white lens, French Creek.

l I Grain Size [
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FIGURE 8.
Sample
Number Locality
1 Basal Red River fill, Big Corral Draw.
2 Basal Red River fill, northeast Indian Creek.
3 Sand crystals, lower Red River fill, Shoemaker Draw,
LOwWER 4 Sand crystals, lower Red River fill, Quinn Draw.
MEMBER 5 Red River fill, Dry Creek.
6
7
8

MIDDLE 9 Middle Member, lower Dry Creek.
MEMBER 10 Base of Middle Member, upper Indian Creek.

UPPER 11 Base of Upper Member, Quinn Draw.
MEeMBER 12 Laminated lens, Upper Member, 14 mile southeast of Scenic.
13 Laminated lens, Upper Member, 4 miles southeast of Interior.
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of solutions as would the cleaner lenses, and it is in general true that
the cleaner sands are more often cemented than are the clayey ones.
However, one of the cleanest sands in the Chadron, the lowest in the
Big Corral Draw section (see figure 7), is so completely uncemented
that it can be dug out with the fingers, and several very poorly sorted
sands are well cemented. The cement is calcite in all cases observed
except at the very bottom of the basal conglomerate in Quinn Draw,
where it is pyrite, as mentioned above.

The presence of occasional, well-rounded grains of glauconite in
sands from the Lower and Middle Members is perhaps to be expected
with the Deadwood formation®® only thirty miles away. Inasmuch as
the glauconite is the only Paleozoic material whose parent formation
has been identified, it is worth mentioning.

Considerable manganese is present locally in the Upper Chadron.
The marrow cavities of many bones from the “microfauna locality”
(see below) are filled with rhodochrosite; and small, black nodules of
pyrolusite, up to a half inch in diameter, are disseminated through the
base of an Upper Chadron clay in Big Corral Draw. The marrow cavi-
ties were filled diagenetically. Whether the pyrolusite nodules formed
during deposition of the clays or afterward, and what might be their
stratigraphic significance, is not known.

In conclusion, it may be said that the weight of evidence which
has been observed in the Big Badlands favors flood plain deposition
rather than alluvial fan deposition as the method of accumulation of
the Chadron.

The fact that there is a vertical succession of members, which can
be demonstrated over the entire area from Dry Creek eastward to
Scenic Basin, is difficultly compatible with fan deposition. Further-
more, were it not for the present regional dip and topography causing
burial of the Chadron southeastward from Scenic, the three members
of the western facies could probably be traced several miles farther
to the southeast.

The relationship of the lithologic phases of the Chadron to the pre-
Chadron topography is easily explainable if the Chadron is assumed
to be built of flood plain deposits, as in the interpretative summary
of this paper. No satisfactory explanation of the Chadron lithologic
phases is evident if the sediments are assumed to be fan deposits.

2Darton, N. H., and Paige, S.; Geological Atlas of the United States, Central
Black Hills Folio, Folio No. 219, U. S. Geol. Surv., 1925, pp. 5, 6.
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Finally, the Lower Nodular zone of the Brulé, which overlies the
Chadron, extends over the entire area, rests upon a surface which has
almost no relief, and lies with entire conformity upon the Upper Mem-
ber of the Chadron. The top of the Chadron is, therefore, probably
a depositional plain, which extends an observed distance of seventy
miles east-west and twenty miles north-south. Such a surface could
be formed as a flood plain of a single river or of confluent rivers. A
plain formed by confluent fans might be expected to truncate those
portions of the fans near the source of sediment, and to show wide-
spread irregularities producing a relief of several feet or tens of feet.

Therefore, until opposing evidence is found, the Cha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>